Background. Multicenter data regarding cardiac arrest in children undergoing heart operations are limited. We describe epidemiology and outcomes associated with postoperative cardiac arrest in a large multiinstitutional cohort.
Background. Multicenter data regarding cardiac arrest in children undergoing heart operations are limited. We describe epidemiology and outcomes associated with postoperative cardiac arrest in a large multiinstitutional cohort.
Methods. Patients younger than 18 years in the Society of Thoracic Surgeons Congenital Heart Surgery Database (2007 through 2012) were included. Patient factors, operative characteristics, and outcomes were described for patients with and without postoperative cardiac arrest. Multivariable models were used to evaluate the association of center volume with cardiac arrest rate and mortality after cardiac arrest, adjusting for patient and procedural factors.
Results. Of 70,270 patients (97 centers), 1,843 (2.6%) had postoperative cardiac arrest. Younger age, lower weight, and presence of preoperative morbidities (all p < 0.0001) were associated with cardiac arrest. Arrest rate increased with procedural complexity across common benchmark operations, ranging from 0.7% (ventricular septal defect repair) to 12.7% (Norwood operation). Cardiac arrest was associated with significant mortality risk across procedures, ranging from 15.4% to 62.3% (all p < 0.0001). In multivariable analysis, arrest rate was not associated with center volume (odds ratio, 1.06; 95% confidence interval, 0.71 to 1.57 in low-versus highvolume centers). However, mortality after cardiac arrest was higher in low-volume centers (odds ratio, 2.00; 95% confidence interval, 1.52 to 2.63). This association was present for both high-and low-complexity operations.
Conclusions. Cardiac arrest carries a significant mortality risk across the stratum of procedural complexity. Although arrest rates are not associated with center volume, lower-volume centers have increased mortality after cardiac arrest. Further study of mechanisms to prevent cardiac arrest and to reduce mortality in those with an arrest is warranted.
(Ann Thorac Surg 2014;98:2138-44) Ó 2014 by The Society of Thoracic Surgeons C ardiac arrest is reported in 2% to 6% of children admitted to pediatric and cardiac intensive care units [1] [2] [3] . Cardiac arrest rates are particularly high in children with cardiac disease, with a greater than tenfold reported increased rate of cardiac arrest compared with children hospitalized with other diseases and conditions [4] . The relationship between cardiac arrest and risk of subsequent mortality among pediatric cardiac patients is incompletely understood.
Previous studies evaluating cardiac arrest in pediatric patients undergoing cardiac operations consist primarily of single-center reports [1, 2] . Larger studies include limited information regarding specific cardiac diagnoses and procedures, such that there are limited multicenter data regarding the epidemiology and outcomes associated with cardiac arrest across the spectrum of congenital heart surgery [3] [4] [5] . For this reason, there are also limited benchmark data regarding the cardiac arrest rate after commonly performed operations, as well as very limited information regarding variation in cardiac arrest rates (or survival after an arrest) across hospitals. Previous studies have demonstrated that higher-volume hospitals tend to have better outcomes after congenital heart surgery [6, 7] ; however, the relationship between center volume and cardiac arrest rate (or survival after an arrest) in particular has not been investigated to date.
To address these knowledge gaps, this study evaluated epidemiology and outcomes associated with cardiac arrest after pediatric heart operations using the Society of Thoracic Surgeons Congenital Heart Surgery Database (STS-CHSD), a large multiinstitutional registry with comprehensive diagnostic and procedural complexity coding. In addition to evaluating the prevalence of cardiac arrest and associated mortality after several common benchmark operations, we also assessed variation in these outcomes across hospitals of varying surgical volume.
Material and Methods

Data Source
The STS-CHSD contains deidentified data on more than 292,000 operations conducted since 2000, and currently represents approximately 90% of all US centers performing congenital heart surgery [8] . Preoperative, operative, and outcomes data are collected on all patients undergoing pediatric and congenital heart surgery at participating institutions [9, 10] . The Duke Clinical Research Institute serves as the data warehouse and analysis center for all of the STS National Databases [8] [9] [10] . This study was not considered human subjects research by the Duke University Institutional Review Boards in accordance with the Common Rule (45 CFR 46.102(f)).
Patient Population
Analysis was restricted to cardiovascular operations (with or without cardiopulmonary bypass) reported in the STS-CHSD between 2007 and 2012 in children younger than 18 years. To ensure data integrity, centers with more than 10% missing data for in-hospital mortality or complications were excluded (n ¼ 18 centers). Cases were classified on the basis of the first cardiovascular operation of each hospital admission (the index operation). The resultant population included 73,089 patients from 97 centers. We excluded 1,933 patients whose operation was not classified into one of the Society of Thoracic Surgeons-European Association for Cardiothoracic Surgery (STS-EACTS) Mortality Categories (category 1, lowest mortality risk; category 5, highest mortality risk) [11] . An additional 836 patients were excluded because of missing mortality (n ¼ 158), postoperative length of stay (n ¼ 335), or complications (n ¼ 393) data. Thus the final patient population included 70,270 patients from 97 centers.
Data Collection
Data collection included demographics, chromosomal or noncardiac anomalies, other preoperative risk factors as defined in the STS-CHSD, preoperative length of stay, and number of previous cardiothoracic surgeries [12] . The primary procedure of each index operation performed was classified by STS-EACTS Mortality Category [11] and STS Congenital Heart Surgery Morbidity Category [13] . Center characteristics included region of the country and average annual center surgical volume of STS-EACTS classified index cardiovascular operations during the study period. Operative data included duration of cardiopulmonary bypass. The primary outcome was postoperative cardiac arrest. According to STS-CHSD specifications, a cardiac arrest is defined as the cessation of effective cardiac mechanical function [12] . Hospital mortality before discharge in those with cardiac arrest was also evaluated.
Analysis
Patient characteristics and outcomes were summarized for patients with and without postoperative cardiac arrest using standard summary statistics. Values were compared in the arrest and no arrest groups using the Wilcoxon rank sum and c 2 tests. In addition, the rate of cardiac arrest was evaluated for the eight previously described STS-CHSD benchmark operations: ventricular septal defect (VSD) repair, tetralogy of Fallot repair (excluding those with pulmonary atresia or absent pulmonary valve, or atrioventricular canal repair), complete atrioventricular canal repair, arterial switch operation, arterial switch operation with VSD repair, Fontan operation (including lateral tunnel and extracardiac conduit with or without fenestration; excluding Fontan revision), truncus arteriosus repair (excluding concomitant truncal valve repair or replacement or interrupted aortic arch repair), and the Norwood operation (including either systemic-to-pulmonary artery shunt or right ventricle-topulmonary artery conduit) [14] . For each benchmark operation, the cardiac arrest rate and rate of death in those with a cardiac arrest were described.
Finally, variation in cardiac arrest rates, and the rate of death in those with a cardiac arrest, across hospitals of varying surgical volume was examined. Center volume was evaluated as fewer than 150, 150 to 250, 250 to 350, and more than 350 cases per year, consistent with previous analyses [15] . Multivariable logistic regression models were used to evaluate the relationship between center volume and both the rate of cardiac arrest and rate of death in those with cardiac arrest. Generalized estimating equations with robust standard error estimates were used to account for within-center correlation. All models were adjusted for important patient characteristics including age at surgery; weight-for-age z score; any chromosomal, genetic, or noncardiac abnormality; any preoperative risk factor; any previous cardiothoracic surgeries; year of surgery; and case complexity. Case complexity was determined on the basis of STS-EACTS Mortality Category for analyses with the outcome of mortality in those with cardiac arrest [11] , and by STS Morbidity Category for analyses with the outcome of cardiac arrest [13] . Finally, stratified analysis was performed to evaluate whether the relationship of center volume with outcome differed across varying levels of surgical risk. For this analysis, patients were grouped on the basis of STS-EACTS Mortality or STS Morbidity Categories (categories 1, 2, and 3 representing "low" risk and 4 and 5 representing "high" risk). Adjusted odds ratios and 95% confidence intervals are reported for all models. Missing data were rare (<0.5% for all variables). Missing values were imputed to median for continuous variables and to "no" for dichotomous variables. Procedures that could not be assigned to an STS Morbidity Category (1.0%) were excluded from the model of postoperative cardiac arrest. All analyses were performed using SAS version 9.3 (SAS Institute, Inc, Cary, NC). A probability value of less than 0.05 was considered statistically significant.
Results
Study Population Characteristics
A total of 70,270 patients from 97 centers were included. The overall rate of cardiac arrest was 2.6% (n ¼ 1,843), and overall mortality rate was 4.0% (n ¼ 2,808). Mortality in those with cardiac arrest was 49.4% (n ¼ 910), and was 2.8% (n ¼ 1,898) in those without cardiac arrest. Patient characteristics are displayed in Table 1 . Patients who had a cardiac arrest were younger, smaller, and more likely to have preoperative risk factors, and underwent higher complexity operations.
Cardiac Arrest Rates and Mortality for The Society of Thoracic Surgeons Benchmark Operations
Among eight common benchmark operations, the overall prevalence of cardiac arrest was 3.2% and increased with greater case complexity, ranging from 0.7% for VSD repair to 12.7% for the Norwood operation (Table 2) . Overall, cardiac arrest occurred in more than 5% of patients undergoing three of these eight common operations (arterial switch operation with VSD repair, truncus arteriosus repair, and Norwood operation). Regardless of case complexity, cardiac arrest was associated with significant mortality risk, ranging from 15.4% in patients undergoing VSD repair to 62.3% in patients undergoing Norwood operation (all p < 0.0001 versus patients with no arrest; Table 2 ).
Variation in Rates of Cardiac Arrest and Mortality After Cardiac Arrest Across Hospitals of Varying Surgical Volume
Of 97 included centers, there were 43 centers (44%) with average annual cardiac surgery index case volume fewer than 150 cases per year, 26 centers (27%) with 150 to 250 cases per year, 21 centers (22%) with 250 to 350 cases per year, and 7 centers (7%) with more than 350 cases per year.
Unadjusted and adjusted results regarding the relationship between center volume and cardiac arrest rate, and rate of mortality in those with a cardiac arrest, are presented in Tables 3 and 4 . In unadjusted analysis, there was no significant relationship between center volume and cardiac arrest rate (Table 3) . Results were similar in adjusted analysis and when the analysis was stratified by operation complexity. In contrast, lower-volume centers had higher odds of mortality in those with a cardiac arrest in both unadjusted and adjusted analyses (Table 4) . Compared with high-volume centers (>350 cases/y), adjusted mortality in those with a cardiac arrest was significantly higher at centers with fewer than 150 cases/y (odds ratio, 2.00; 95% confidence interval, 1.52 to 2.63) and 150 to 250 cases/y (odds ratio, 1.39; 95% confidence interval, 1.09 to 1.77). This relationship approached but did not reach statistical significance for centers with 250 to 350 cases/y (odds ratio, 1.24; 95% confidence interval, 0.99 to 1.56). Findings were similar in analysis stratified by operation complexity (Table 4) .
Comment
Data from this large, multicenter study establish that postoperative cardiac arrest occurs in approximately 3% of patients undergoing pediatric heart operations with an associated overall mortality of approximately 50%. The prevalence of cardiac arrest increases with case complexity, although arrest is associated with a significant mortality risk across the spectrum of procedural complexity. Although center volume was not significantly associated with cardiac arrest rate, lower-volume centers had a higher rate of mortality in those with cardiac arrest. These associations were similar across both low-and high-complexity operations.
In previous studies, the reported prevalence of cardiac arrest in hospitalized children with cardiac disease has been in the range of 4% to 6% [1, [3] [4] [5] . Most previous studies reporting on the prevalence of cardiac arrest in children with cardiovascular disease include both medical and surgical patients [3] [4] [5] . Our data demonstrate that overall arrest rate is only partially informative, as the rate of cardiac arrest is directly related to case complexity, and therefore dependent on the type of cases included in the study. Our analyses also provide previously unavailable benchmark data describing prevalence of cardiac arrest and mortality in those with cardiac arrest among patients undergoing common surgical procedures across the spectrum of complexity.
Differences across centers with respect to rates of cardiac arrest, and mortality in those with cardiac arrest after heart surgery have not been previously evaluated in the pediatric population. The present analysis suggested that center volume was not significantly associated with the rate of cardiac arrest. Importantly, however, lower center volume was significantly associated with higher mortality in those who experienced a postoperative cardiac arrest. This is consistent with previous studies across a variety of surgical specialties, demonstrating that higher-volume centers may not necessarily have lower complication rates, but tend to have lower mortality in those patients who experience postoperative complications [6, 7, 16] . Thus, there is a growing recognition that high-volume hospitals may perform better in terms of "rescuing" patients with complications, whereas complications in some cases may be more related to high-risk patient characteristics rather than reflective of hospital quality [16] . Failure-to-rescue, or the rate of death in those with a complication, is now recognized as an important factor underlying variation in mortality across hospitals for several surgical procedures [16, 17] . In the field of pediatric heart surgery, Pasquali and colleagues [6] recently demonstrated similar findings, showing that high-volume centers had a lower rate of mortality in those who experience complications. That study did not evaluate specific postoperative complications. Together with the data from the present study, these findings suggest that in addition to reducing prevalence of postoperative complications such as cardiac arrest after heart operations, quality improvement may also require attention to initiatives aimed at improved management of cardiac arrest and other complications once they occur. Surgical and intensive care teams must develop targeted initiatives and specific care practices not only to prevent cardiac arrest but also to rescue patients after cardiac arrest. The limitations of the presented study are related to the nature of the STS-CHSD. Not all US centers participate; therefore, our results may not be generalizable to all pediatric heart programs. Nonetheless, the present report represents the most inclusive evaluation of cardiac arrest in this population to date, with 97 pediatric heart centers included. Although there are data audits to verify STS-CHSD data quality, there may still be variation in coding of complications such as cardiac arrest across centers. To address this in the present study, we excluded centers with poor data quality regarding the capture of complications. We were also limited to evaluation of variables collected in the database, and were not able to assess the potential impact of training or availability of intensive care unit personnel on cardiac arrest rates, for example. In addition, complications in the database are currently not "timestamped," and we were unable to evaluate the temporal relationships between events such as cardiac arrest, use of extracorporeal membrane oxygenation, and subsequent mortality.
Data in our analysis are reflective of the definition of cardiac arrest currently used in the STS-CHSD, which differs in some respects from international Utstein guidelines. According to those guidelines, pulseless cardiac arrest is defined as the cessation of cardiac mechanical activity, determined by the absence of a palpable central pulse, unresponsiveness, and apnea [18] . Our study also lacked data on some of Utstein's outcomes, such as return of spontaneous circulation longer than 20 minutes, 24-hour survival, and survival to discharge with favorable neurologic outcomes. One potential solution that may address these limitations and allow for more-comprehensive future analyses would be linkage of the STS-CHSD with the American Heart Association's Get With the Guidelines-Resuscitation registry, a large multicenter registry of in-hospital cardiac arrests [18, 19] . This linkage would mitigate many of the limitations outlined above by improving data granularity for patients having a cardiac arrest.
This study suggests that postoperative cardiac arrest occurs in 3% of children undergoing heart surgery. Although prevalence increases with case complexity, cardiac arrest is associated with significant mortality risk regardless of level of complexity. The rate of cardiac arrest does not appear to be a function of center case volume. However, high-volume centers have lower mortality in those who experience an arrest. Thus, initiatives aimed at improving outcomes in children undergoing heart surgery may need to focus on not only reducing cardiac arrest but also improving postarrest management. Further study in this area could be facilitated by linkage of the STS-CHSD with the American Heart Association's Get With the Guidelines-Resuscitation registry.
DISCUSSION
DR RALPH MOSCA (New York, NY): First, I would like to congratulate the authors on this important research study, which utilizes the power of our multiinstitutional database to elucidate relatively infrequent but nonetheless significant clinical outcomes. As a specialty, congenital heart surgeons are just beginning to explore and benefit from this collective data. Ultimately, it is our patients that will reap the rewards borne out of these collaborative efforts.
The current study is a retrospective analysis of over 70,000 patients from nearly 100 centers of varying clinical program volumes. Important findings from this study included:
1. The authors confirmed an overall low prevalence of cardiac arrest (2.6%) following congenital cardiac surgery. 2. Having suffered a cardiac arrest, the case fatality rate was nearly 50%. 3. The rates of cardiac arrest were associated with preoperative morbidity and case complexity and were not related to center volume. 4. Finally, survival following a cardiac arrest was significantly better in high-volume centers.
From this information we are led to infer that arrest rate may be a function of demographics and disease state, whereas survival following cardiac arrest may be a more modifiable outcome and related to center experience and expertise.
I would like to point out some potential study design features and data limitations that may impact the interpretation of these results.
1. Data from 18 centers with incomplete submissions was excluded. This represents approximately one fifth of total centers and may potentially underestimate the prevalence of cardiac arrest and subsequent mortality. This is particularly true if it turns out that there is a correlation between incomplete data submission, clinical performance, and poor outcomes. 2. Our confidence in the conclusions is limited by the small numbers of the primary outcomes, especially when further stratified by center volume and procedure type. For example, centers performing less than 150 cases per year have a risk of cardiac arrest relative to high-volume centers that range from 30% less to 200% more as evidenced by the wide confidence intervals. Similarly, our ability to draw definitive conclusions related to clinical significance of differences in mortality rates is hampered by even smaller numbers of deaths (for example there were only 8 total deaths in the VSD [ventricular septal defect] group). The movement of one or two of these events between volume categories would significantly alter the results. In this regard, it would be helpful if the authors provided the absolute numbers of arrests and mortalities by center volume. 3. Finally, there is a lack of data regarding timing of cardiac arrests and subsequent mortality and the etiology of these deaths. These data could provide crucial insights into modifiable factors contributing to these disparities in outcomes; for example, the roles of individual surgeons experience versus quality of nursing and ICU (intensive care unit) care.
I have two questions. It is likely that there will be many variables contributing to these differences in outcome. Given the need for more complete data and the increasing financial and personnel demands being shouldered by hospitals and surgical departments, how would you propose to improve the mechanisms for acquisition of this data?
What initial insights, albeit statistically insignificant, have you gleaned from this study and others regarding the mechanisms that improve outcomes at high-volume centers that may be adopted by mid-and low-volume centers?
I enjoyed your presentation and look forward to future studies, which will further our understanding of postoperative cardiac arrest and mortality.
DR GUPTA: Thank you, Dr Mosca. Thank you very much for these insightful comments and some suggestions.
Answering to your last question first, unfortunately, our dataset did not have data on the reasons for the high-volume centers performing better than the low-volume centers. There is a growing recognition that high-volume hospitals may perform better in terms of "rescuing" patients with complications, while complications themselves may be more related to high-risk patient characteristics rather than reflective of hospital quality. As I mentioned in my talk, this ties up with the failure-to-rescue hypothesis. Failure-to-rescue, or the rate of death in those with a complication, has now been recognized as an important factor underlying variation in mortality across hospitals for several surgical procedures. Unfortunately, our dataset lacked data on hospital level data such as ICU organizational structure, the nursing-to-patient relationship, training level of cardiac intensivist, role of individual surgeon experience, et cetera. This is one of the future things that we are looking forward to, and maybe linkage with Get With the Guidelines will be able to provide some data on the hospital structure, but not all.
And going back to your question regarding completeness of the data, I completely agree with you that the data is not complete. We excluded 18 centers that were missing data due to poor data quality. In our field, as we know, the STS (Society of Thoracic Surgeons) Congenital Heart Surgery database is one of the most comprehensive and complete dataset in the current era. And one of the things that the STS Congenital Heart Surgery database is looking into is putting a time stamp on the complications. Cardiac arrest is quoted as a complication, and we are hoping that in near future we will have more granularity on the data for cardiac arrest with this modification and we hope that future studies will overcome these limitations. Moreover, the STS database has a strong system in place for improving the data acquisition and data quality. Evaluation of data quality includes the intrinsic verification of data, along with a formal process of in-person site visits and data audits conducted by a panel of independent data quality personnel and pediatric cardiac surgeons at approximately 10% of participating institutions each year. We are hoping that with the future modifications and current mechanisms in place, the data quality for future studies will improve in the years to come.
